Background. The probability of reimbursement is a key factor in determining whether to proceed with or abandon a product during its development. The purpose of this article is to illustrate how the methods of iterative Bayesian economic evaluation proposed in the literature can be incorporated into the development process of new medical devices, adapting them to face the relative scarcity of data and time that characterizes the process. Methods. A 3-stage economic evaluation was applied: an early phase in which simple methods allow for a quick prioritization of competing products; a mid-stage in which developers synthesize the data into a decision model, identify the parameters for which more information is most valuable, and explore uncertainty; and a late stage, in which all relevant information is synthesized. A retrospective analysis was conducted of the case study of absorbable pins, compared with metallic fixation, in osteotomy to treat hallux valgus. Results. The results from the early analysis suggest absorbable pins to be cost-effective under the beliefs and assumptions applied. The outputs from the models at the mid-stage analyses show the device to be cost-effective with a high probability.
S ome health care systems such as the National Health Service (NHS) in the United Kingdom increasingly make reimbursement decisions based on both clinical and cost-effectiveness evidence of new therapies compared with standard care or alternative technologies. To this end, guidelines for technology appraisals have been developed by the National Institute for Health and Clinical Excellence (NICE). 1 In recognition of the inevitable uncertainty surrounding the measurement of costs and effectiveness of different strategies, the guidelines emphasize the use of methods that quantify the implications of parameter and methodological uncertainty for the results as well as methods that assess the value of conducting further research to reduce the uncertainty relating to the reimbursement decision. Therefore, methods such as probabilistic sensitivity analysis (PSA) and value-ofinformation (VOI) analyses are now increasingly incorporated into economic evaluations.
Recently, the potential value and practicality of incorporating Bayesian methods into the iterative framework of health technology assessment (HTA) 597 have been described. 2 This builds on the idea that reimbursement decisions may be reviewed on the basis of new evidence that becomes available in the life cycle of a technology. 3 The Bayesian approach is ideal for this since it facilitates combining prior information with more recent data to inform whether the technology appears cost-effective after all available information has been incorporated.
The iterative Bayesian approach to HTA can also be applied within the commercial or governmentfunded development of new products. The development cycle of new technologies often takes the form of a staged-decision making process that is regularly reviewed and in which decisions of whether to proceed with the innovation are made at several different time points. 4 Incorporating economic evaluations into such a stage-gated decision process from very early stages of the development could support internal investment decisions in order to prioritize potential products or prototypes to take forward and may avoid investing in technology that could never be cost-effective. In addition, given that at the development stage there is still scope for further research before the product is brought to market, formal analysis that aims to identify the parameters with the largest impact on the likely cost-effectiveness could direct internal research resources more efficiently.
In many cases data are scarce and the time to perform the analysis is likely to be short, particularly in the medical device industry, compared with those latestage public sector evaluations for which the iterative Bayesian approach has been illustrated. 2 At early stages, a potentially large number of products in competing lines of development would need to be evaluated. Therefore, the methods need to be adapted to avoid undue delay in the innovative development process. To address these issues we propose starting with relatively simple economic evaluations at the very early stages that would provide a rapid indication of potential cost-effectiveness and then increasing the depth of analysis in later stages as more information becomes available and attention is centered on fewer products. The principal aim of the approach is to ensure that early-stage evaluations can be internally undertaken within the resources of even small medical device firms. This is not, however, intended to be a substitute for more sophisticated modeling where that is practical but it is intended as a way to ensure that informed decisions are made in all situations.
To illustrate the approach, we applied this method retrospectively to the case study of absorbable pins in osteotomy to treat hallux valgus. We evaluate what was known about the cost-effectiveness of this fixation device compared with standard fixation methods from a very early stage of the development of the device, iteratively incorporating further information as it became available at later stages. At each step of the evaluation we explore the uncertainty of the decision and the parameters for which the model outcome is most sensitive.
The case study was based on the use of absorbable pins in the treatment of hallux valgus. Hallux valgus is defined as a deviation of the big toe (hallux) toward the midline of the foot. When the condition is first diagnosed, conservative treatment such as orthosis, night splints, or foot exercise may be attempted. Alternatively, surgical procedures are used when the deformity makes fitting footwear a problem or when the foot function is affected and the joint becomes painful. The most common procedure is the metatarsal osteotomy, where the bone is divided surgically and repositioned. There are different methods to stabilize the osteotomy while the bone unites: bone suture, internal metallic fixation, and a more recent method, absorbable pins.
METHODS
To illustrate the approach, we consider the case of a company that was developing an absorbable device and planning to sell it for use in osteotomies to treat hallux valgus (Orthosorb; Johnson & Johnson, New Brunswick, New Jersey). The stage gates for this project are based on the following timeline: gate 1, the company received approval for conducting clinical trials in 1987 based on a comparison with similar products; gate 2, in 1990 a competitor product entered the market; gate 3, the product received CE-Mark approval in 1995 (CE stands for Conformité Européenne and certifies that a product has met EU consumer safety, health, or environmental requirements); gate 4, from 1995, a series of postmarketing studies were conducted.
We apply a previously published 5 3-stage economic evaluation approach as summarized in Figure  1 . At each gate, economic evaluations are carried out using the information available at that time. A literature search was undertaken for each time period, and the articles identified for each analysis are reported in the appendix. The evaluation methods used vary in their complexity and the time required to conduct them, and different types of economic evaluation methods could be used at the same point in time to evaluate the product if needed. Early-stage analysis is conducted using the information prior to 1987 (gate 1). Subject to the results from the analysis a company could decide to proceed with the device and undertake a more formal evaluation. Therefore, mid-stage analyses that synthesize the data into a decision model are also conducted at gate 1. Such a model provides an ideal framework to update the results when new evidence becomes available in 1990 and 1995 (gate 2 and 3). At the late-stage analysis applied post 1995 (gate 4), the information collected previously is used to form prior distributions of parameters that are then updated with the findings from a randomized controlled trial (RCT) available at this stage.
Uncertainty is explored at the mid-and late-stage analyses. In the mid-stage analyses, all parameters were subjected to 1-way sensitivity analyses applying wide test ranges. In the decision-analytic models, PSA is undertaken by applying probability distributions to each parameter of the model and running 5000 iterations in the simulation. For completeness, value of information analyses are presented at each gate, although they are most relevant at the late-stage evaluation, which is aimed at informing external decision makers concerned with the societal perspective that underpins the VOI approach. In these analyses, the expected value of perfect information is calculated by estimating the number of operations in the United Kingdom over an assumed lifetime of the technology of 5 years, herewith accounting for the relatively short lifetime of medical devices compared with drugs or other medical technologies.
Early-Stage Analysis
A company or government agency would conduct this analysis at the phase in the development when the product may still be just an idea or a concept and when a potentially large number of alternative technology developments are competing for research and development resources. At this stage similar analyses would be undertaken for other products in competing lines of development. These analyses would be conducted under optimistic assumptions, making the tool quite sensitive for the detection of worthwhile ideas. However, these analyses can only be considered as indicative as they do not account for uncertainty. Recent work has focused on extending these methods to allow for uncertainty in early-stage valuations. 6
Methods
The first step is to identify the potential areas of improvement that the new device will have over the current technology (in terms of both cost savings and increased effectiveness) and estimate its monetary value. In the absence of data about the new technology, the analysis is based on the evidence concerning the current technology that the new product aims to substitute or will compete with, plus expert opinion and/or assumptions regarding the impact on cost and effectiveness of the new technology. The data are then analyzed using simple techniques based on the "effectiveness gap," 7 which estimates the extent to which current practice is less than totally effective, or the "headroom method," 8 which is based on the maximum additional cost of the new treatment over the comparator that has been proposed to establish a price ceiling. These methods will therefore provide bounds on the maximum reimbursable price that will then be compared with the expected cost of the device at this stage.
Data
Before 1987, there was evidence of the successful use of synthetic absorbable materials for suturing and fracture fixation in malleolar fractures 9,10 and some promising results in distal femoral osteotomies in trials with rabbits. 11 However, no clinical evidence for its use in hallux valgus operations had yet been reported. Therefore, the evaluation at this stage is based on the data available on metallic devices and expert opinion and assumptions regarding the impact of the new device on cost and effectiveness.
Probabilities. Metallic fixation with a screw or percutaneous K-wire often requires removal at a later date and also carries a risk of refracture and infection. Theoretically, absorbable pins obviate removal surgery because they decompose gradually and the stress is transferred gradually to the healing tissue. It was thus assumed that absorbable devices would reduce the probability of stress fracture and wound infection by half compared with metallic devices and that they would completely avoid the need for removal surgery. The probabilities of these events after a metallic fixation were taken from the literature and are reported in Table 1 .
Costs. Early-stage cost data reported in UK pounds ( Table 1) were taken from the NHS Reference Cost 2006-2007 12 and deflated to 1987 (this data set had not been developed in the earlier years of the analyses; however, as the aim of this case study is to illustrate the method that one would use to assess cost-effectiveness of technologies now being developed and the data is now routinely available, it is used in each stage).
Quality of life. The predicted impact of the new technology on quality of life (QoL) was elicited from a group of manufacturers with experience with the standard and with the innovative devices to inform early analyses. This was a fairly crude elicitation exercise where a group of experts (n = 5) were asked to estimate the mean, minimum, and maximum quality-adjusted life year (QALY) weight (scale 0-1) for each strategy (i.e., absorbable pins and standard fixation). Given the retrospective nature of our analysis, these views represent the expectations of manufacturers at the time of development. Table 1 presents the results for the early-stage analysis. The assumptions applied on the risks of refracture, infection, and removal led to a cost saving of £465 per procedure compared with metallic devices. The elicited estimates of the QALY weights after treatment were 0.90 for metallic pins and 0.95 for absorbable pins. The difference was possibly attributable to increased stability, which decreases the risk of displacement and subsequent metatarsalgia (pain) and was assumed to last for the lifetime of the patient. Therefore, this provided an estimate of the incremental QALY of (0.95 -0.90) = 0.05 per year; which given a £20 000 per QALY potential costeffectiveness threshold translates into £20 000 * 0.05 = £1000 per year. Individuals in the studies reviewed were mainly female (around 90%) and the mean age was 40 years. Considering a life expectancy of 38 years and discounted at 3.5%, the expected (discounted) benefit is £20 841 assuming that the effect lasts the remaining life expectancy of the individuals. The overall headroom estimate of the maximum reimbursable price is £21 306 (£465 + £20 841).
Results
This sort of analysis would inform a company or government agency at an early stage of development that if absorbable pins were to have the effect on QoL believed by experts, then they would be costeffective even if the incremental price of the device was very high (up to £21 306). Once the company estimates the potential cost of the new technology, this can help to prioritize resources in order to avoid proceeding with products that will never be more than marginally cost-effective. In the case study, the headroom estimate was far higher than the expected incremental cost of the technology (even with a generous allowance for the cost of development), and therefore the company, given this estimation, may decide to proceed in terms of the cost-effectiveness of the product. Sources (Bayesian random-effect meta-analysis, when more than 1 source of data, from articles reported in the appendix) a. Assumption: All metallic pins need removal, and the risks of fracture and infection after absorbable fixation are assumed to be half of those when using metallic pin. b. [9] . c. [2, 3, 9] . d. Expert opinion. e. National Health Service (NHS) reference cost, minor foot procedure for nontrauma category 2 without complications and comorbidities (CC). f. NHS reference cost, minor foot procedure for nontrauma category 2 with CC-NHS reference cost, minor foot procedure for nontrauma category 2 without CC.
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Mid-Stage Analysis
At a mid-stage, typically, observational studies may provide some clinical evidence of the effect of the new technology, and some initial cost estimates may be available. Under these conditions, decisionanalytical modeling techniques can be applied and the uncertainty in the decision can be explored. We apply these methods to explore the decision at gate 1 (i.e., we re-run more formally the analysis previously undertaken using the early-stage techniques). This requires incorporating more information in order to populate the decision model. We then update the analysis with the information available in 1990 and 1995 (i.e., gate 2 and gate 3).
Methods
We synthesize the data available in a decisionanalytic model that takes the form of a decision tree. The model structure is presented in Figure 2 . For each method of fixation, the tree represents the pathways that the patients may follow. After the surgery, a patient undergoing an osteotomy may heal with no complications, may need revision surgery, or may suffer from other types of complications that do not require a new surgical procedure. Once the patient is healed, and depending on the type of fixation, some patients require surgery to remove the fixation device, after which the condition may be satisfactorily cured or may reoccur.
Two important issues are addressed at this stage: 1) synthesizing the evidence available, and 2) exploring the uncertainty around the parameters in the model in order to find the inputs with the largest impact on the model outcome. Synthesizing the evidence available may require combining evidence from multiple sources of data, and using formal Bayesian evidence synthesis techniques will ensure that the uncertainty is incorporated appropriately. 13 When pooling data we use Bayesian meta-analysis models that allow for between-study variation with vague priors for the mean and variance of the studyspecific effect sizes.
To assess the second issue of identifying the key parameters affecting the cost-effectiveness, we suggest starting with simple 1-way sensitivity analysis, where each relevant parameter is varied one at a time to study its impact. These methods are easy and quick to undertake and to understand, and they provide some insight into alternative values for specific parameters that could make a meaningful impact on the model outcome and on the potential decision based upon it. However, they have been criticized for not being able to account for the overall uncertainty from the combined variability of several factors. 14 This uncertainty can be explored via PSA. In PSA, probability distributions are applied to the parameters and samples are randomly drawn from these distributions using simulation techniques. Results can then be represented using cost-effectiveness acceptability curves (CEACs), which show the probability that a given intervention is the most costeffective strategy at different values of willingnessto-pay for a unit of effect by future potential health care purchasers. PSA results can also be used to quantify the societal cost of making the wrong decision about which technology to fund. This represents the expected value of perfect information (EVPI). In addition, the EVPI can be computed for various sets of parameters to inform the specific consequences of the technology (e.g., impact on cost, utilities, or health status) for which more information is most valuable. This is referred to as expected value of perfect partial information (EVPPI). Note that this standard VOI analysis is related to a collective view of the value of this additional research for the society, both in terms of forgone health gain to patients and in terms of wasted resources, and therefore would not be directly relevant in a commercial context. Thus, this analysis, although conducted at each gate, is only considered relevant in the final stage, which is aimed to inform external decision makers concerned with collective welfare.
Data
Data for the mid-stage analyses are summarized in columns 1-3 of Table 2 and Table 3 . f. [24, 26, 27, 28, 29, 30] . g. [9] . h. [7, 8, 9] . i. [9, 24, 25] . j. [26, 27, 30, 31] . k. [1, 2, 9, 10, 11, 12] . l. [1, 2, 4, 5, 9, 11, 13, 14] . m. [26, 28, 32] . n. [2, 3, 9] .
o. [2, 4, 8, 9, 13, 15] . p. [2, 3, 9, 25, 33] . q. [26, 29, 30, 31] . r.
[23].
s. [23, 26, 29, 31, 32, 34] . t. [25] . u. [1, 3, 9, 11, 16, 17, 18 ] . v. [4, 8, 9, 13, 14, 19] . w. [1, 3, 9, 11, 16, 17, 18, 20, 21, 22 ].
x. [4, 8, 9, 13, 14, 19, 22] . y. [26, 27, 28, 30] . z. [previous data form prior distribution which is updated using 36].
aa. Assumptions: Absorbable pins are assumed to have the same probabilities in gate 1 and gate 2 than those reported for metallic devices, with the exception of the risk of fracture and infection, which are assumed to be half of those when using metallic pins. We assume all metallic devices need to be removed (in gates 1-3), whereas only 2% of sutures and absorbable devices require removal surgery (in gate 1 and gate 2).
Probabilities. Data on the probability of any event after the surgery were taken from the literature and synthesized using WinBUGS (Windows-based Bayesian inference using Gibbs sampling). Uninformative prior distributions were used, and the data were synthesized using Bayesian random-effects meta-analyses.
Before 1991 there was no formal data on the use of absorbable pins, although data on probabilities after the use of metallic devices and sutures were available. The probabilities for absorbable devices were assumed to be the same as those for metallic, with the exception of the risk of fracture and infection, for which we applied the same assumption as in the early-stage analysis (i.e., we assumed these probabilities to be half of those when using metallic devices). To incorporate the uncertainty of those assumptions in the probabilistic analysis, we applied odd ratios (ORs) to ensure that the probabilities lay between zero and one.
In 1995, a number of observational studies provided evidence for the prognosis of patients treated surgically for hallux valgus with absorbable devices, and these data were used in the decision tree and summarized in Table 2 . However, the use of sutures as a fixation method is no longer reported; therefore, in this evaluation period, absorbable pins were only compared with metallic fixation.
We assumed that all metallic devices need to be removed (which corresponds to what is reported in the early literature, mainly because of the frequent use of percutaneous K-wires), whereas only 2% of sutures and absorbable devices require removal surgery.
Costs. We applied the costs from NHS reference costs data deflated to the year of interest ( Table 3) . The estimated cost of absorbable devices was provided by the company. We could not find contemporary published data on the cost of standard fixation methods for the early years of the analysis. Therefore, we used the price as published in 1997 15 for metallic pins, deflated this to the year of interest, and assumed this to be the same for suture fixation devices (in reality, however, a company is likely to have or be able to obtain information regarding the cost of the standard technology being used). Gamma distributions were applied to all cost estimates in the probabilistic sensitivity analysis, with their standard errors equal to the point estimate in the absence of further information.
Quality of life. Before 1991, there were no data on health-related QoL relative to hallux valgus, but estimates of pain and functioning were reported before and after the surgery 16 and we mapped these to QALYs using SF-6D valuations (see Table 4 ). For this purpose, the level for the pain, physical functioning, and role limitations dimensions (i.e., assumes no limitation for all other dimensions) was chosen according to the description of state, and then the utility was calculated. The severity categories were 1) no limitation, 2) mild pain and no functional limitation, 3) moderate pain and occasional functional limitation, and 4) severe pain and frequent functional limitation. The proportion of patients in each severity category was then used to estimate the overall QALY weight experience by patients before and after the surgery. We applied the estimated QALY weight before the surgery to individuals for whom the condition reoccurs after the surgical intervention. When propagating the uncertainty, the proportion of patients in each severity category was computed using a Dirichlet distribution. At later stages, data on health-related QoL for individuals undergoing these procedures were available (see Table 3 ). We then applied beta distributions to the QoL weights in the probabilistic analyses. Based on an elicited QALY weight of 0.90 for metallic pins and 0.95 following successful surgery after using an absorbable device, the QoL "decrement odds ratio" (difference from perfect health) was estimated to be 0.474 (i.e., [0.05/0.95]/[0.1/0.9]). We applied the formula of the decrement OR to the QALY weight of the cured state when absorbable devices are used. A log normal distribution was applied in the probabilistic analysis for this parameter. QALYs were computed for a life expectancy of 38 years and discounted at 3.5% per annum.
Results
The deterministic results for each gate are shown in Table 5 . We report the estimated expected cost and expected QALY for each strategy and the incremental cost-effectiveness ratio (ICER) presented as comparisons of each strategy to the next less effective strategy after dominated strategies have been discarded. The use of absorbable pins led to better expected health outcomes compared with both sutures and metallic fixation, and the overall expected cost was lower than that of metallic fixation and slightly more expensive than using sutures. The ICER of absorbable pins versus suture fixation was £356 per QALY in both 1987 and 1990, whereas absorbable devices were found to dominate metallic fixation methods.
In the 1-way sensitivity analyses, the parameters for absorbable pins were varied using wide ranges that allowed the parameters to take extreme values and explore their individual effect on the cost-effectiveness results (0-1 for the probability of each event; 0-2 for the decrement OR; 0.7-1 for the QALY weights; £0-£1000 for the cost of revision and removal; £0-£300 for the cost of absorbable pins and complications). Only changes in the probability of recurrence and removal and in the impact of absorbable pins on QoL were found to have a meaningful impact on the model outcome; these are presented in Table 6 . Absorbable pins no longer dominate but were still considered more cost-effective than metallic fixation if their probability of recurrence was 21% in gate 1 and gate 2 and 27% in gate 3 (compared with base values of around 8% at each gate). However, suture fixation would be regarded as the most cost-effective strategy for a threshold value of £20 000 per QALY. Regarding the impact on QoL, absorbable devices would no longer dominate metallic fixation if both were to have the same impact on QoL (OR = 1). Only if absorbable pins had a negative impact on the QALY weight compared with the standard methods (represented by a decrement OR higher than 1 compared with the base value of 0.474), sutures would be the most cost-effective method in gate 1 and gate 2. The results were insensitive to the probability of removal of the absorbable pins in that more than 85% of the devices needed to be removed in order for absorbable pins to be not cost-effective, compared with 2% assumed in gate 1 and gate 2 and 0% reported in gate 3. The probability that absorbable pins are the most cost-effective strategy increased over the 3 evaluation gates, as the CEACs show in Figure 3 . In 1987, based on a willingness to pay per QALY higher than £1000 per QALY, the fixation method most likely to be the optimal was the absorbable device, with a probability of more than 70%, which was quite stable among the range of potential thresholds. This probability increased to more than 85% and to around 90% for the evaluations in 1990 and 1995. These high probabilities of success in terms of costeffectiveness would have encouraged the company to continue with the device at each of the 3 decision gates. VOI analysis indicated that the most valuable parameter to collect further information about was QoL data. However, this is from a societal perspective and may not translate into the investment on future research that would be worthwhile for a company.
Late-Stage Analysis
Health economic analyses undertaken in the late stage are typically designed not just to inform internal decisions but to inform external decision makers (e.g., health service purchasers) about the expected cost-effectiveness of the new technology and so to make the case for reimbursement of the product. Although preferably they would be based on evidence provided by large RCTs, the need to incorporate all the relevant information in an appropriate way has also been argued. 17
Methods
At this stage, prior distributions for the parameters of interest are formed using the previously collected data and combined within the Bayesian framework with the newly available data. Parameter uncertainty is again explored by means of PSA, and these results are used to quantify the societal cost of making the wrong decision about which technology to fund. where r is the number of events, n is the sample size of the trial, and p is the probability of the event that has a prior that follows a beta distribution where alpha and beta are computed to approximate the posterior from the meta-analysis of the previous evidence. The WinBUGS synthesis was conducted with 20 000 burn-in iterations, followed by a further 20 000 iterations for each probability, which led to the same posterior distributions when different initial values were applied. We assume the events to be independent of one another. The removal probability after standard fixation methods reported in this study was much lower than in the early literature but consistent with what was reported in other contemporaneous studies, 19 probably because of technology changes and the inclusion of suture together with metallic fixation as the control group.
Costs. We applied the NHS reference costs data deflated to the year of interest. The 12-month cost for individuals with hallux valgus receiving no treatment or conventional treatment was reported in a study in 2001, 20 and it was included in the analysis as the cost of recurrence of the condition. 
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Quality of life. Contrary to what was included in previous stages of analysis and based on the elicited expert opinion, the RCT found no significant differences between the 2 groups in any of the preoperative and postoperative radiological and clinical measures including pain (metatarsalgia), walking ability, footwear choice, and cosmetic appearance. Therefore, the impact on QoL assumed in earlier analyses was no longer included in the model. The health-related QoL index for individuals undergoing hallux valgus surgery was measured before and after the intervention in a study in 2001, 20 and these values were applied to the recurrence and cured states, respectively.
Results
The results are presented in Table 5 . The expected cost for absorbable pins was slightly higher than for standard fixation, although absorbable pins result in a better expected health outcome. The ICER was £283 per QALY. The CEAC at this stage is presented in Figure 4 . The method of fixation most likely to be costeffective was absorbable pins with a probability of just above 55% at any threshold value. This probability was considerably lower than the analogous probabilities at earlier stages. The population-EVPI for different sets of parameters (cost parameters, QALY weights and impact on QoL, and probabilities of each event) shows that the information with the greatest value was related to the QALY weights and impact on QoL for a threshold value of £20 000 and £30 000 per QALY.
DISCUSSION
We applied an iterative Bayesian approach to the early assessment of cost-effectiveness of a medical device during its development process by evaluating the potential cost-effectiveness of the device at 4 different decision points.
Starting with simple methods such as the effectiveness gap analysis or headroom estimate, the device appeared to be cost-effective based on the assumptions applied and the elicited impact on QoL from experts. Given this positive outcome, manufacturers may decide to continue with the product development and run a more formal analysis at this point, that is, synthesizing the evidence into a decision model. This required incorporating more information in the analysis in order to populate the decision tree used for the evaluation. Compared with the headroom analysis (where the maximum reimbursable price for absorbable pins was estimated as high as £21 306), the decision model at the same stage estimates absorbable pins to be costeffective with a probability of around 70% at a much lower cost of the device (£63). Therefore, the earlystage analysis would suggest continuation of the technology at the realized price. The outcomes of the early-stage analysis and the first mid-stage evaluation undertaken at the same time period in gate 1 are not easily comparable. The differences between them are mainly due to the fact that the headroom analysis is driven by the elicited QALY weights after the use of absorbable and metallic fixation of 0.95 and 0.90, respectively. However, in the decision model we require information on the QALY weight of individuals who recovered and that of individuals whose condition reoccurred after the surgery, which were derived from Table 4 using information from Merkel and others (1983) . The resulting QALY weight after a successful surgery is 0.981, which leads to a QALY weight of 0.991 when applying the decrement OR (difference from perfect health) derived from the elicited QALY weights for absorbable pins. The incremental effectiveness was therefore much lower than that reported in the elicitation exercise and provided less optimistic results. As a result, the probability that absorbable pins are costeffective at the maximum reimbursable price derived from the early-stage analysis (£21 306) is estimated to be close to zero in the mid-stage analysis. We populated the decision tree using information available in 1987, 1990, and 1995. We found that 1) absorbable devices were the most cost-effective strategy in osteotomy for a conventional cost-effectiveness threshold of £20 000 per QALY, 2) the parameters with the largest impact on model outcomes were the probability of recurrence and the impact on QoL, and 3) the PSA showed a high probability (between 70% and 90% in the first 3 gates) of the device being cost-effective after accounting for all the parameter uncertainty.
At the late-stage analysis, previously collected data were used to form the prior distributions of some parameters that were updated with the evidence from an RCT. Absorbable devices appeared to remain the most cost-effective strategy, although the probability after addressing uncertainty fell to just above 55%. The principal reasons for this drop were the reduced effect on QoL of absorbable pins over standard methods found in the RCT and the technological changes related to metallic devices that resulted in a reduced risk of removal of this type of device. The VOI analysis shows that the parameters for which further information would be most valuable were those related to the QALY weights and the impact of absorbable pins on QoL.
The use of a retrospective study to illustrate the concepts was necessary given the elapsed time involved in a prospective study and the difficulty of access to, and publication of, a commercially sensitive ongoing development. Given the retrospective nature of the case study analysis, the elicitation and application of assumptions in the early stages of the evaluation were the weakest part of this study. The results show that the believed impact on the elicited QoL weights and the assumptions regarding complication rates were too optimistic, compared with the data later available. This optimism may be a common occurrence in the early evaluations of new products, and also companies may not anticipate the technical progress of competitors. Furthermore, in our retrospective example, the elicitation could only involve a very crude elicitation exercise, which did not provide reliable data. Therefore, these assumptions and elicited effects were not included in the priors at later stages when additional evidence became available, as they may have contaminated the results rather than adding any information. This limitation would be overcome in a context where the analysis is undertaken prospectively and therefore good quality prior information can be properly elicited using more robust methods for the parameters for which there is no evidence. Although the elicitation methods are nontrivial, there is a growing body of research on how to elicit expert knowledge accurately and reliably. 21 In a context of a small RCT, such as in this example, elicited information if based on a body of expert opinion can enhance the evidence from the trials.
The inclusion of more information in the analysis did not reduce the uncertainty in the decision as one would hope but in fact did the opposite. This may be a common circumstance if the new data obtained do not confirm but instead challenge some of the previous beliefs, assumptions, or data, making the choice between 2 alternatives less clear as is the case in our example. There is also a well-documented tendency to underestimate uncertainty about the knowledge of quantitative information. 22 This may generate reported prior distributions from expert opinion that are far too tight, and, therefore, new collected information might often fall outside the error bars of the elicited data. This would also has consequences for the value of information analysis, as it may be biased downward if the elicited priors do not represent the "true uncertainty" about the parameters. 23 In our example, the expected value of perfect partial information for the QALY weights and the impact on QoL increased considerably at the late-stage analysis, when information from the elicited expert opinion was no longer included in the analysis.
The main advantage of the proposed approach is that it could support internal decision making in order to prioritize the alternative products to be developed and avoid investing in a product that could never be cost-effective. However, as the exemplar product achieved commercial success anyway, it is difficult to prove whether such analysis, if it had been undertaken, would have been commercially beneficial. It may have encouraged the acceleration of the development process or the setting of a higher price (subject to expectations about competitive responses), or the final-stage analysis may have speeded an increased market penetration. Further research based upon a product that failed in the market would be valuable.
There are potentially broader benefits related to the proposed approach compared with undertaking a late-stage analysis alone. First, introducing formally the cost-effectiveness criterion as a variable into the product development process means that commercial decisions are in line with policy requirements. This could support the development of more costeffective products that would eventually be brought to the market. Second, collecting and synthesizing data from early stages and identifying the parameters for which more information would be valuable when there is scope for further research could facilitate more accurate estimates in the economic evaluation undertaken at a late stage. Third, late-stage public sector economic evaluations may be costly. The stage-evaluation approach conducted internally ensures the collection of data and provision of evidence, which would reduce the cost of the late-stage public sector economic evaluation usually undertaken when the product is ready for market launch.
Finally, standard VOI analysis takes a societal perspective. Although this approach is useful for government agencies considering funding the development of products, the approach is problematic in a commercial setting. Ideally, in this context, the method of VOI analysis should be adapted to inform the value to a company of conducting further research internally to reduce uncertainty and therefore to reduce the cost of making a wrong investment decision. In such case, the wrong decision would be to abandon (proceed with) the product when the eventual purchase decision is (not) to reimburse it. Further research on the commercial perspective in this context would be valuable.
We have illustrated the potential use and the challenges involved in applying iterative economic evaluation to inform commercial investment decisions concerning the development of a new product by anticipating the eventual purchase decisions. The most influential parameters affecting the outcome of the decision can be identified from these early stages in order to direct research resources, and the uncertainty of the decision can be explored. By gradually increasing the complexity of the techniques used in the evaluation, we ensure that the methods undertaken at each stage take into account the availability of data and resources, in terms of both time and money, that characterize each development phase.
APPENDIx Studies Identified in the Literature review at Each Gate
